• Thrombus formation and contraction alters local molecular transport, which regulates agonist distribution and platelet activation.
Introduction
The hemostatic response balances the need to halt bleeding with the need to avoid inappropriate vascular occlusion. Recent reports of hemostatic thrombi formed in vivo have demonstrated that the extent of platelet activation within a growing thrombus is heterogeneous [1] [2] [3] [4] [5] and can result in a characteristic core-and-shell architecture. We have shown that the core region develops adjacent to the injury site and consists of fully activated, closely packed platelets that have undergone a-granule exocytosis, which allows them to be recognized by the appearance of the a-granule membrane protein, P-selectin, on their surface. 3 The shell is a less stable region that coats the core and consists of loosely packed, less activated platelets. 3 Regional differences in the extent of platelet activation can potentially be driven by multiple factors. Here we have adopted a systems biology perspective, looking beyond the events in any one platelet to test the idea that the emerging architecture of the hemostatic response serves as both a driver and a reflection of differences in intrathrombus molecular transport rates and consequent differences in agonist distribution. Numerous platelet agonists are present during vascular injury, including collagen, thrombin, adenosine 59-diphosphate (ADP), and thromboxane A 2 (TxA 2 ). 6 Each of these varies in origin, potency, and mobility. Collagen, for example, is immobile, whereas thrombin distribution is limited by interactions with other proteins, including inhibitors. 7, 8 By comparison, ADP and especially TxA 2 are freely diffusible. 9 Our goal in this study was to develop and apply methods to understand the relationship between molecular transport, platelet packing density, and agonist distribution, examining how each affects platelet activation and thrombus growth in vivo. We asked whether regional differences in thrombus structure affect agonist movement and distribution, and, therefore, the extent of platelet activation. To test this hypothesis, we developed a novel biosensor capable of measuring molecular transport in vivo in real time, and have used that biosensor in conjunction with a previously developed thrombin biosensor 10 to compare transport rates and thrombin activity. The transport biosensor consists of albumin coupled to caged fluorescein molecules that uncage and fluoresce when flashed with 405-nm light. Subsequent loss of the fluorescence provides a direct measure of intrathrombus transport that we have combined with data generated by the thrombin biosensor and a thrombus porosity probe to produce a high-resolution map of transport rates, thrombin activity, and relative packing density within the thrombus.
Here we show for the first time that molecular transport in the gaps between platelets in vivo is orders of magnitude slower within the The online version of this article contains a data supplement.
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The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked "advertisement" in accordance with 18 USC section 1734. thrombus than in the overlying blood stream, and even slower in the core than in the shell. High-resolution mapping defines a low transport region (LTR) coinciding with the region of greatest packing density and highest thrombin activity. Because greater packing density facilitates contact-dependent signaling between adjacent platelets, we performed comparative studies in mice lacking Sema4D. These mice have a defect in contact-dependent amplification of collagen-induced platelet activation. 11 Collectively, the results establish a timeline in which initial platelet accumulation and the narrowing gaps between platelets serve as obstacles to molecular movement in what will become the thrombus core. This creates a region of reduced transport that facilitates local thrombin accumulation and greater platelet activation, whereas faster transport rates and greater instability within the shell help to limit thrombin accumulation and thrombus size. Thus, even the early stages of platelet accumulation produce an altered microenvironment that influences subsequent thrombus growth and, potentially, the impact of antiplatelet agents. In this and the 2 accompanying manuscripts, 12, 13 we use complementary experimental and computational approaches to test this model. Synthesis of caged fluorescein conjugated to albumin (cAlb). BSA was solubilized in 0.1M sodium bicarbonate in phosphate-buffered saline to a final concentration of 10 mg/mL. CMNB-caged carboxyfluorescein SE was dissolved in 100 mL of dimethyl sulfoxide, and added to the solubilized BSA and mixed thoroughly. The reaction was incubated for 1 hour at room temperature, and then excess caged fluorescein was removed using 7-kDa molecular weight cutoff desalting columns (Thermo Scientific).
Methods and materials

Hemostatic thrombus formation
Male mice 8 to 12 weeks of age were anesthetized with an intraperitoneal injection of sodium pentobarbital (90 mg/kg), and their jugular vein was cannulated for the introduction of cAlb (0.5 mg/mL), anti-CD41 AF-568, and anti-CD62P AF-647. The mouse cremaster was exposed, cleaned of connective tissue, opened, and prepared for viewing by intravital microscopy. The cremaster was maintained under a constant flow of bicarbonate buffer (37°C) bubbled with 95%/5% N 2 /CO 2 . Mouse arterioles of 30-to 50-mm diameter were visualized with a BX61WI microscope (Olympus) with a 603 (0.9 NA) water-immersion objective, and a CSU-X1 spinning disk confocal scanner (Yokogawa). Fluorescence imaging was done using diode pumped solid state lasers (405 nm, 488 nm, 561 nm, 647 nm) with acoustooptic tunable filter control as an excitation source (LaserStack; Intelligent Imaging Innovations), and images were captured using an Evolve digital camera (Photometrics). Endothelial cell ablation was performed with a pulsed nitrogen dye laser (SRS NL100, 440 nm) focused on the vessel wall through the microscope objective. The laser was fired between 1 and 10 times until red blood cells either escaped into the extravascular space or became trapped within the layers of the vessel wall. The University of Pennsylvania Institutional Animal Care and Use Committee approved all procedures.
Injury visualization
After injury, the platelet deposition was monitored using anti-CD41 AF-568 fluorescence, and core development with anti-P-selectin (anti-CD62P).
Background fluorescence was measured within the vessel for both anti-CD41 and anti-P-selectin, and subtracted from the images to determine the core and shell areas. In representative images of thrombi using anti-CD41, anti-Pselectin, and thrombin sensor, the background fluorescence threshold is set and the results are displayed in binary mode unless otherwise noted in the figure legend.
cAlb fluorescence was visualized by uncaging the caged carboxyfluorescein with a 500-ms pulse of 405-nm light delivered through the microscope objective ( Figure 1A-B) . Immediately after the 405-nm light pulse, cAlb fluorescence (excitation, 488 nm), platelets (excitation, 568 nm), and P-selectin (excitation, 647 nm) were tracked for 15 frames. After 15 frames (;9 seconds), a new pulse was initiated. This sequence was repeated for 3 minutes. Separate studies determined that the observed rapid decay is not due to photobleaching, as only very mild photobleaching was observed using the experimental capture settings (supplemental Figure 1 , see supplemental Data available on the Blood Web site). Microscope control, image capture, and analysis was performed by Slidebook 5.0 (Intelligent Imaging Innovations).
Thrombin biosensor
Mouse thrombin-sensitive antibody (mThS-Ab) was synthesized using a protocol previously described.
10 mThS-Ab was infused through the jugular cannula of the mouse prior to injury and was imaged every 10 seconds. Platelets and P-selectin were labeled with fluorescent anti-GPIbb (clone Xia. C3; Emfret Analytics) and anti-CD62P, respectively, and were imaged once per second. Background fluorescence was measured within the vessel and subtracted from the mThS-Ab signal within the thrombus. Determining the location of the stable core at 20 minutes postinjury identified the LTR, and mThS-Ab was quantified within the LTR and shell over time.
Analysis of cAlb data
For core and shell cAlb decay rates, the core and shell were masked using P-selectin staining as the marker for core. For each mask, the cAlb decay curves were obtained once the region attained an area .10 mm 2 . The mean cAlb fluorescence intensity in the core and shell regions immediately prior to each 405-nm flash was defined as background fluorescence and subtracted from the cAlb images acquired subsequent to each flash. The mean cAlb fluorescence for each of the images acquired following each flash were then normalized to the cAlb fluorescence in the first image postflash (representing the peak cAlb signal for each flash), resulting in a decay curve for each 405-nm flash. All the curves for a single injury were averaged to make a single decay curve, and curves for multiple injuries were averaged to generate the mean curves with standard deviations reported. The curves were averaged over several injuries from at least 3 mice.
Sema4D-deficient mice backcrossed onto C57Bl/6 were described previously.
14 All studies were performed using Sema4D 1/1 (denoted as wildtype [WT]) and Sema4D 2/2 littermates produced by crossing heterozygotes.
Porosity measurements
BSA labeled with Alexa Fluor 488 (Invitrogen) was infused into the mouse through a jugular cannula prior to injury. Fluorescence was measured continuously in the lumen, LTR, and shell during thrombus development. The lumen was assumed to have a porosity of 0.6 due to 40% hematocrit in the flowing blood, and the measured lumen fluorescence was used to calculate the plasma fluorescence with a porosity of 1. By normalizing the fluorescence within the shell and LTR to the plasma, we were able to calculate the porosity of each region over time.
Results
Measuring regional heterogeneity of intrathrombus transport
A necessary first step in this study was the development of a method to measure intrathrombus molecular transport rates in vivo in real time during hemostatic thrombus formation. The injury model we have used most frequently uses a laser or sharpened glass probe to produce a penetrating injury in the cremaster muscle microcirculation of a C57Bl/6 mouse. 3 Thus, in this and the 2 accompanying manuscripts, our focus is on the hemostatic response to injury and we have used the terms "hemostatic thrombus," "hemostatic plug," and "thrombus" interchangeably. Confocal fluorescence microscopy with high-speed video capture allows direct visualization of the response to injury and parameters such as platelet accumulation, platelet activation, packing density, and thrombus porosity to be measured, the latter with stably fluorescent albumin and dextran molecules. 3 To create a transport rate sensor for the present studies, albumin was labeled with caged fluorescein molecules (cAlb) that become stably fluorescent only after being uncaged by exposure to 405-nm light ( Figure 1A and supplemental Video 1). In the example shown in Figure 1B , pulses of 405-nm light uncaged the fluorophore within the field of view resulting in fluorescence that could be visualized within the thrombus. The rise and subsequent washout of fluorescence within the thrombus caused by a series of repeated light pulses separated by 10 seconds is shown in Figure 1C . Albuminassociated fluorescence in the lumen moves too rapidly for capture and analysis. Each thrombus was monitored for 3 minutes after injury, during which time multiple pulses and decay curves were generated ( Figure 1D ). Photobleaching contributed minimally to the decline in cAlb fluorescence during the period of observation between activating pulses (supplemental Figure 1) . Platelet deposition and surface P-selectin expression (an index of a-granule exocytosis) were recorded at the same time (Figure 2A-B) .
As reported previously, platelets accumulate rapidly in this injury model, reaching a peak 30 to 60 seconds after injury.
3 Surface P-selectin appears more slowly, becoming detectable within the thrombus core at 20 seconds and continuing to increase throughout the experiment with growth slowing after ;150 seconds ( Figure 2B ). To determine whether molecular transport rates also show regional variation, cAlb decay was analyzed separately in the P-selectin (1) core region and P-selectin(2) shell region of the thrombus. Average cAlb decay curves were generated for 13 injuries during the first 3 minutes postinjury for both regions ( Figure 2C ). We found that uncaged (ie, fluorescent) cAlb was visible only within the thrombi. cAlb in the lumen of the vessel was traveling too fast to be flashactivated and observed. The core region had an average cAlb half-life of 2.6 seconds, which is approximately twofold greater than the shell region's average half-life of 1.2 seconds. Detailed mapping showed that the slowest half-life recorded in the core was 8 seconds and the fastest in the shell was 0.5 seconds, yielding a maximum ratio of 16:1. Taken together, these results demonstrate, first, that platelets retard the movement of soluble molecules in their vicinity and, second, the core and shell have differing transport properties, with the core-retaining soluble proteins longer than the shell.
Determining the kinetics of reduced intrathrombus transport and platelet packing
We hypothesized that slower molecular transport in the core leads to greater retention of soluble agonists, which in turn contributes to full platelet activation and a-granule secretion. If so, then reduced transport rates in the core region would precede P-selectin exposure on the platelet surface. To compare the kinetics of the development of regions of reduced transport with the kinetics of platelet activation, we identified a transition zone, defined as the region that is P-selectin(2) at 3 minutes, but becomes P-selectin (1) by 20 minutes ( Figure 3A) . Taking into account this definition of a transition zone, the shell region becomes the part of the thrombus that is neither core nor transition region. We found that the transition zone at 3 minutes postinjury, despite being P-selectin(2), had significantly slower cAlb transport than the shell ( Figure 3B ).
To generate a map of intrathrombus transport rates with the greatest possible resolution, we analyzed cAlb decay rates for single pixels within early thrombi (2-3 minutes postinjury), yielding high spatial-resolution cAlb t 1/2 heat maps for each Figure 1 . Design of cAlb biosensor for visualization of the molecular transport properties of thrombi generated in vivo. (A) BSA was labeled with cAlb, which is uncaged using 405-nm light to induce fluorescence. (B) Intravital microscopy was used to observe cAlb in vivo. Infusion of cAlb into the blood stream was followed by laserinduced injury to the mouse cremaster muscle arterioles to induce thrombus formation. Periodic pulses of 405-nm light were used to uncage cAlb and the resulting fluorescence intensity and decay were monitored with fluorescent microscopy. The represented fluorescence intensity has had the background subtracted and then been scaled to demonstrate signal decay within the thrombus. (C) Quantification of the intrathrombus cAlb signal was measured over multiple pulses of uncaging light for thrombus in panel B. (D) An average intrathrombus cAlb decay curve was generated by averaging the decay after each of 16 pulses taken over 3 minutes.
thrombus (supplemental Methods, Figure 3C ). We observed a gradient of cAlb half-lives extending from the region adjacent to the injury site showing the slowest transport. This region of low transport extended beyond the P-selectin(1) region into the transition zone ( Figure 3C ). Taken together the transition zone and the core form a LTR, which has significantly reduced transport compared with the shell region ( Figure 3C-D) . The appearance of reduced transport rates within the LTR preceding full platelet activation suggests a model in which transport heterogeneity regulates agonist distribution and platelet activation, which in turn affect platelet packing density and, therefore, local transport rates.
Measuring platelet packing dynamics within the LTR
Within stable thrombi, the core maintains a higher platelet packing density, resulting in significantly decreased porosity. 3 We hypothesized that this high-density structure produces lower transport rates in the core by increasing steric hindrance between platelets, reducing permeability, and by increasing the tortuosity of the path cAlb needs to traverse to escape the core. To measure the dynamics of the increase in platelet packing density during early thrombus development, we infused albumin conjugated with stably fluorescent (ie, not caged) Alexa Fluor 488 and monitored changes in fluorescence within the LTR and shell region. For reference, fluorescence was also measured outside of the thrombus in flowing blood, which consists of 40% hematocrit and a porosity of 0.6. By normalizing the fluorescence within the thrombus regions to the known value of the flowing blood, we were able to determine the porosity of each region within the thrombus (Figure 4 ). We found that porosity decreases rapidly in both regions as platelets accumulate following injury, with the LTR achieving a significantly higher packing density than the shell by 60 seconds after injury (P , .05). As reductions in both porosity and Figure 2 . Regional heterogeneity of cAlb transport properties. (A) A representative image of a thrombus generated using a laser injury model in mouse cremaster arterioles (3 minutes postinjury). Thrombi were monitored for platelet deposition (blue), P-selectin exposure (red), and cAlb (not shown) for 0 to 3 minutes post-injury. (B) The growth of platelet (blue) and P-selectin(1) (red) areas were monitored over 3 minutes. The areas were measured by gating the images on either CD41(1) or P-selectin(1) pixels and then averaged across 20 injuries from 5 WT mice. (C) Thrombus regions were defined as CD41 (1)/P-selectin(1) and CD41(1)/P-selectin (2) for cAlb analysis. Pulses of 405-nm light were used to activate the cAlb infused prior to injury, and the normalized decay curves for the P-selectin(1) (red) and P-selectin(2) (blue) regions were averaged over each pulse for 0 to 3 minutes postinjury (6SD). transport are observed prior to full platelet activation, this also supports our model of transport having a regulatory role in local platelet activation.
Regional heterogeneity of intrathrombus thrombin activity
To determine whether the altered structure and transport of the LTR serve to concentrate agonists leading to increased platelet activation and eventual P-selectin exposure, we used a recently developed thrombin activity sensor, designated mThS-Ab. The thrombin sensor consists of a fluorescence resonance energy transfer-based fluorogenic peptide thrombin substrate linked to anti-mCD41 to target it to the platelet surface. 10 Cleavage of the peptide by thrombin releases a quencher, allowing an increase in fluorescence. The resulting signal represents the spatial distribution of cumulative thrombin activity. Thrombin activity, platelet deposition, and P-selectin exposure were measured in developing (0-3 minutes after injury) and stable thrombi (20 minutes after injury) ( Figure 5A and supplemental Video 2). Consistent with our previous observation that fibrin deposition occurs only within the core region, 3 we measured 6.5 times more thrombin activity within the LTR than within the shell by 3 minutes after injury ( Figure 5B ). By 20 minutes even the minor signal in the shell was no longer detectable.
Determining pathways which initiate and support LTR formation
Because the data described so far show that the drop in transport rates within hemostatic thrombi precedes full platelet activation, we examined the effect of impairing platelet activation on transport rates. To do this, we selected Sema4D 2/2 mice, whose signaling defect we have characterized previously. 11, 14 Sema4D is a semaphorin family member on the surface of platelets that supports contact-dependent amplification of Syk activation downstream of the platelet collagen receptor, GPVI.
11 When studied after penetrating injury, Sema4D 2/2 mice show a defect in platelet accumulation and delayed P-selectin exposure during the first 3 minutes of thrombus development. 3 The studies in Figure 6 confirm this earlier observation. They also show that these mice have no significant defect in cAlb transport during this same period (Figure 6C-D) . Thus, these results reinforce the idea that the drop in transport rates within the thrombus not only precedes full platelet activation (as defined in this case by a-granule exocytosis), but is at least partially independent of it.
Discussion
Studies in mouse models reveal that rather than being a homogeneous mass of equally activated platelets uniformly interspersed with fibrin, the hemostatic response to penetrating injuries shows considerable regional variation in the extent of platelet activation as judged by metrics such as the extent of a-granule exocytosis. In this and 2 accompanying manuscripts, 12, 13 we have adopted a systems approach to understanding these events, combining observational, experimental, and computational approaches to ask whether regional differences extend to other aspects of the hemostatic response and, if so, how such differences arise, contribute to thrombus growth, and affect the benefits and toxicities of antiplatelet agents.
To do this, we developed a novel tool for measuring intrathrombus transport rates in vivo in real time and combined it with a recently described thrombin activity sensor. 10 The results presented here show that regional differences in the extent of platelet activation are accompanied by differences in platelet packing density, intrathrombus molecular transport rates, distribution of at least 1 platelet agonist (thrombin), and deposition of fibrin. The results also show how these relationships evolve over time (Figure 7 ). High-resolution mapping based on confocal in vivo imaging studies transforms the transport data into a heat map and defines a hitherto unappreciated transition zone between the thrombus core and shell. Within this zone are platelets that have not yet reached the point of a-granule exocytosis, but nonetheless retard the passage of solutes in the spaces between them. The transition zone plus the core of platelets that became P-selectin(1) early in the injury response form a LTR that eventually becomes fully P-selectin (1) .
Changes in transport rates presumably reflect the increase in packing density as platelets grow closer to each other, increasingly hindering the movement of molecules in the gaps between platelets. Supporting this conclusion, we found that the distribution of thrombin activity within the thrombus mirrored the regions of slowest transport and extended little, if at all, into the shell region of the thrombus where transport rates, although slower than in the remaining vascular lumen, were still faster than in the core. Data presented in an accompanying manuscript 12 provide further support, showing that mice with a defect in a IIb b 3 outside-in signaling that impairs clot retraction form thrombi with increased transport in both the core and the shell, and decreased thrombin activity compared with WT mice. Here we studied mice with a defect in contact-dependent signaling due to loss of the platelet surface ligand, Sema4D. These mice have a defect in core formation, but still developed an LTR, supporting the idea that the reduced transport is not dependent on achieving full platelet activation.
The close relationship between the LTR and the region of greatest thrombin activity is particularly informative. Others have also presented models suggesting that solute transport may play a key role in regulating thrombus growth by impacting coagulation factor access to the injury site as well as agonist escape from the thrombus. 15, 16 These models have shown that limiting the gaps between platelets can greatly hinder transport and alter the movement of solutes through the thrombus. [15] [16] [17] Within this study we were unable to tease apart the contribution of fibrin in filling these gaps, , n 5 14; 6SD). Figure 7 . Model of the role of transport on agonist distribution and thrombus architecture. As platelets within a developing thrombus become activated, they change shape, retract, and pack tightly together driving the formation of the LTR. This leads to the retention of larger agonists, such as thrombin, within the LTR. Smaller agonists, such as ADP and TxA 2 , are able to diffuse more freely out of the LTR. The localization of these agonist gradients drives continued platelet activation in the LTR leading to core formation consisting of high platelet packing density, decreased solute transport, a-granule exocytosis, and fibrin deposition. The restriction of thrombin to the core contributes to the shell consisting of loosely adherent platelets, high solute transport, reduced platelet activation, and no fibrin.
but other investigators 18 have suggested fibrin does not have a large impact on protein diffusive transport. However, fibrin has been reported to decrease the permeability of platelet plugs, 19 which may alter permeating flow and in turn protein transport.
We have previously shown that thrombin inhibitors prevent the formation of the core region. 3 Generation of thrombin in vivo begins with the exposure of tissue factor, but the local accumulation of thrombin is also governed by the availability of procoagulant factors (including prothrombin), the exposure of negatively charged phospholipids on the platelet and other membrane surfaces, the washout rates of thrombin from its original site of generation, and the ability of coagulation inhibitors such as tissue factor pathway inhibitor and anti-thrombin to reach the site where thrombin and other coagulation factors are produced. Some coagulation proteins and inhibitors are contained within platelet a-granules and are eventually secreted at the site of platelet activation. Others are plasma-borne. To the extent that molecular transport becomes hindered in the region closest to the site of injury, secreted molecules will tend to accumulate and plasma-borne molecules will have difficulty gaining access. This means that as platelets begin to accumulate following vascular injury they participate not only by forming part of the hemostatic plug, but also by acting as obstacles to the free movement of molecules in the region closest to the injury.
Thus, we propose that regional differences in platelet activation and in thrombus structure are closely related to each other and are both the driver for and the consequence of regional variations in agonist distribution and packing density. The data presented here plus our earlier studies with the thrombin sensor highlight the overlap between the region of greatest packing density, slowest transport, and greatest thrombin activity. 3, 10 We have previously shown that the size of the thrombus shell is dependent on signaling downstream of platelet P2Y 12 receptors for ADP. 3 At present, there is no way to detect ADP in vivo in real time. However, the vulnerability of the shell to P2Y 12 antagonists and the increase of shell size observed with a gain-of-function mutation in G i2 a 3 suggest that ADP concentration gradients extend further than do thrombin gradients. Therefore, it is a reasonable hypothesis that platelet recruitment initially establishes a shell-like thrombus that is converted to the transition zone and core by thrombin. In a sense, the emergence of greater packing density within the core helps to create a molecular prison for thrombin that, along with the presence of thrombin inhibitors, limits the size of the core and, therefore, the overall size of the thrombus. It is also reasonable to propose that differences in the distribution of ADP and thrombin, as well as differences in the properties of the core and shell presage differences in safety and efficacy of P2Y 12 antagonists compared with PAR1 antagonists.
In conclusion, in the present studies we have developed a novel method for measuring intrathrombus solute transport in vivo and demonstrated for the first time that heterogeneities of protein transport and thrombus structure are critical regulators of thrombin distribution independent of other factors. We have also shown that changes in transport rates within the thrombus evolve in parallel with changes in platelet packing density, and that these changes are independent of a-granule exocytosis. In the 2 accompanying manuscripts, 12, 13 we use complementary experimental and computational approaches to test this model.
